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ABSTRACT   
Digital breast tomosynthesis (DBT) is suggested to have superior performance compared to 2D mammography in terms 
of cancer visibility, especially in the case of dense breasts. However, the overall performance of tomosynthesis for 
screening applications, and the manner in which tomosynthesis should be optimally used for screening remains unclear.  
This motivates the development of software tools that can insert user-defined synthetic pathology of realistic appearance 
into clinical tomosynthesis images for subsequent use in virtual clinical trials. We present a method for inserting lesions 
grown using Diffusion Limited Aggregation, previously validated in 2D mammograms, into clinical DBT images. A 
preliminary pilot study was used to validate the realism of the masses, wherein three readers each viewed 19 cases and 
rated the realism of the inserted masses. Each case included a simulated mass inserted in the tomosynthesis projections 
and the counterpart digital 2D mammogram. These results show that masses can be successfully embedded in the 
tomosynthesis projections and can produce visually authentic DBT images containing synthetic pathology. These results 
will be used to further optimize the appearance of these masses in DBT for an upcoming validation. 
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1. INTRODUCTION  
Two-dimensional X-ray mammography is currently the primary imaging modality used in breast screening programs for 
early detection. However, there are known limitations to this modality
 
which include difficulty in detecting small lesions, 
due to over- and underlying breast architecture (inherent in 2D planar projection geometry) and limited sensitivity in 
breasts with high glandularity.
1,2
 However, digital breast tomosynthesis (DBT) has been suggested to have superior 
performance compared to 2D mammography in terms of cancer visibility, especially in dense breasts, as much of the 
obfuscating architecture is removed.
2,3
 While DBT appears promising, there remain a number of variables in the design 
of DBT systems and their usage that are expected to affect the quality of reconstructed images and cancer detection.
1
 
Clinical trials can be conducted to study such systems and the attendant issues of application and imaging methodology. 
However these trials are costly, time consuming and limited to commercially-available system design. Alternatively, a 
simulation framework where synthetic breast cancer pathology is inserted into tomosynthesis projections could be used 
to expedite comparisons of multiple systems and investigate the influencing variables on the detection task. 
A number of previous studies have used simulation tools to study these modalities. Gong et al.
3
 and Timberg et al.
4
 
compared digital mammography and DBT using simulated masses. However, the realism of the mass models used in 
their work was unclear. In this study we are extending our previous work
5,6
 which validated the use of 3D masses grown 
using diffusion limited aggregation (DLA) for 2D planar mammography, to the use of these masses in tomosynthesis. 
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2. MATERIALS AND METHODS 
The overall framework for simulation of masses in 2D digital mammograms and DBT projections is shown in Figure 1, 
which starts by generating a 3D mass using the DLA method described in section 2.2. The same simulated mass was 
then inserted in both modalities at the same location. The insertion location was determined by manually identifying an 
insertion location for the mass on the 2D mammogram based on local morphology and visual appearance. The depth of 
insertion was arbitrarily selected within the breast thickness. The simulated DLA mass was inserted in a 2D 
mammogram using the method developed by Rashidnasab et al.
5,7
 which used a degradation model of the imaging 
system, taking into account the polychromatic nature of the X-ray spectra, local glandularity and the scatter around the 
insertion site. The corresponding insertion location and local glandularity estimation were then calculated for the DBT 0° 
projection. Ray tracing was then undertaken on fifteen DBT projections for calculation of primary transmission using the 
method developed by Elangovan et al.
8
, followed by the addition of detector blur using the system modulation 
transmission function (MTF). The mass was then inserted into the clinical projections and reconstructed into planes 
using the manufacturer-specific tomosynthesis reconstruction package. Further details of this process are described 
below. 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Overall frameworks for inserting simulated masses into 2D digital mammograms and DBT projections. Each 
numbered block is described further in the text. 
2.1 Materials 
For the purpose of this study, images acquired by a Hologic Selenia Dimension system were used. This system can 
operate in two modes: 2D mammography and tomosynthesis. An anti-scatter grid was used in 2D mode and the detector 
pixel size was 70μm, while in tomosynthesis mode there was no anti-scatter grid and the pixels were re-binned to 
140μm. When operating in tomosynthesis mode, 15 projections were acquired by moving the X-ray source over the 
angular range of +7.5° to -7.5°. Images, which were acquired in both modes for each patient, were collected from the 
Jarvis Breast Screening Centre, Guildford, UK. The DBT images in this centre were acquired for patients with a family 
history of the disease. 
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2.2 Simulation of 3D masses using diffusion limited aggregation 
A new method to simulate 3D masses based on random fractal-like appearance of real breast cancers was previously 
developed by our group.
5,6
 Diffusion limited aggregation (DLA) was used to simulate these masses which includes two 
main steps: first diffusion of particles in a random walk manner and then rule-based aggregation of the particles to form 
a cluster.  
Initially the DLA growth starts by incrementing the value of the centre voxel of a 3D binary array representing the mass 
aggregation centre. Particles are then randomly launched from launching sites, which, in this case, are in the form of 
concentric spheres about the aggregation centre. The launched particle moves using a random walk process. The particle 
stops at the adjacent point of contact to the mass cluster and may then become part of the cluster, depending on a 
heuristic sticking rule. The fractal and irregular shape of masses is achieved by addition of random particles to the 
adjacent voxels lining the mass cluster. If a random moving particle misses the mass cluster and travels further than a 
given distance it will be discarded.
 
More detail on DLA growth parameters and their effect on the resultant mass volume 
can be found in [19].  A voxel size of 35 µm was used in simulating mass volumes. These mass volumes were then used, 
as explained in the next steps, for insertion into both 2D mammograms and DBT projections. 
2.3. Insertion of simulated masses in 2D mammograms  
Simulated masses were inserted into 2D mammograms using the method developed by Rashidnasab et al.
5,7
 as shown in 
Figure 1(left). The primary photon flux was calculated at each pixel before and after insertion using polychromatic X-ray 
spectra model (block 3). This uses the work of Boone et al.
9 
for spectral matching of the associated mammogram 
acquisition settings, in terms of target/filter combination, tube voltage, filter thickness and half-value layer derived from 
the associated DICOM header. The composition of breast tissues was taken from the work of Hammerstein et al.
10
 and 
the linear attenuation coefficients were calculated using data from NIST
11
. The breast attenuation coefficient was 
calculated using an estimate of the local glandularity of the breast over each image pixel (block 2). For this purpose, the 
Volpara
12 
software tool was used on the mammograms for volumetric breast composition estimation.   
The process of image degradation caused by the 2D imaging system's acquisition process was modelled using a method 
proposed by Mackenzie et al.
13 
This includes filtering the primary 2D array by the system MTF and then downsampling 
to the associated system detector pixel size of 70 µm (block 4). The scatter was taken into consideration in the insertion 
process with the following steps: removal of the estimated local scatter in the clinical image (around the insertion site) to 
facilitate local adjustment of the primary transmission due to the DLA mass, and then re-instatement of the local scatter
5
 
(block 5 and 6). The scatter to primary ratio (SPR) was calculated using the validated Monte Carlo model of Diaz et al.
14
 
which is based on the Geant4 toolkit
15
. Finally, the resultant raw mammogram with the inserted mass was processed by 
the manufacturer’s post acquisition image processing package (LORAD FFDM Selenia v 5.0), (block 7). 
2.4. Insertion of simulated masses in DBT  
2.4.1. Ray tracing and MTF filtering 
Figure 1(right) shows the steps in insertion of masses into DBT projections using the method developed by Elangovan et 
al.
8
. A voxelised insertion volume of known length, width and thickness (estimated from DICOM header of the raw 
clinical projection) was created (block 10). The tissue composition of this volume was set as that of the local glandularity 
estimated at the insertion site. Then, the insertion volume was modified by placing a lesion at an arbitrary depth location. 
A ray tracing tool based on the Siddon algorithm
16
 was implemented
7
 which computes the path length for each type of 
tissue traversed via a line of response from the source to the image receptor. Using this ray tracing tool, primary 
transmission estimates were acquired for each of the 15 angles for the appropriate mammographic X-ray spectral model 
using the same material as described in section 2.3 (block 11). During ray tracing, the pixel size of 140 µm at detector 
plane was used to account for Hologic detector pixel size in DBT mode.  
 A local estimation of glandularity was used in the calculation of the breast attenuation coefficient at the insertion site 
assuming that the local glandularity changed insignificantly with projection angle. The local glandularity on 
tomosynthesis 0° projection was produced by scaling the local glandularity estimate of the counterpart 2D digital 
mammogram (block 9). However, a study of use of pixel by pixel glandularity versus average local glandularity in 
simulations showed insignificant change is the results; hence for minimizing computation time the average local 
glandularity at the DBT 0° projection insertion site was used. 
  
Degradation associated with the DBT imaging system was accounted for by filtering these primary projection arrays 
with the tomosynthesis system MTF by Mackenzie et al.
13
 (block 12). An idealized (point) focal spot was used in the 
simulation to reduce computational complexity. 
2.4.2 Insertion and reconstruction 
The insertion was then performed in the same manner as in 2D mammograms. The scatter to primary ratio used here was 
calculated using the validated Monte Carlo Model of Diaz et al.
17 
for the Hologic Selenia Dimension Tomosynthesis 
system geometry for a set of breast thicknesses, glandularity and different projection angles. The resulting values were 
tabulated so that the SPR for any breast thickness, glandularity, and projection angle could be found by interpolation 
(block 13, 14). The manufacturer's reconstruction software was used to reconstruct the tomographic breast image planes 
from the raw projection images (block 15). 
2.5. Validation 
A pilot study was used to initially validate the appearance of the simulated masses in tomosynthesis images. Nineteen 
DBT set each containing a simulated mass were reviewed by three radiologists with 2D mammogram reading experience 
of 5-20 years and up to maximum eighteen months experience in reading DBT images. The radiologists were asked to 
evaluate the realism of the simulated masses by ranking them on a scale of 1 to 10, with descriptors ranging from ‘looks 
definitely simulated’ (1) through to ‘looks definitely real’ (10). Score 0 was used for inserted masses that were 
considered not visible to the radiologist. They were also asked to rank the counterpart 2D mammograms with the 
simulated masses in the same manner. 
 
3. RESULTS AND DISCUSSION 
3.1. Simulation results  
Figure 2(a) and 2(c) show 3D render of the DLA masses simulated by the method described in section 2.2. Figure 2(b) 
and 2(d) show the parallel projection of these masses prior to the insertion in the 2D mammogram. Figure 3(a) and 3(d) 
display the initial normal mammograms and the yellow square defines the selected ROI for mass insertion. Figure 3(b) 
and 3(e) show the mammograms with the inserted simulated mass using the mass in Figure 2(a) and 2(b), respectively. 
The magnified view of the selected ROI after mass insertion is shown in Figure 3(c) and 3(f).   
Figure 4 and Figure 5 show results of inserting these masses in DBT projections. Figure 4(a-d) displays different 
reconstructed planes from the tomographic projections with the inserted mass using the mass in Figure 2(a). Figure 5(a-
d) shows different reconstruction planes with the inserted mass using the mass in Figure 2(b). The magnified view of the 
inserted mass at each plane is shown in Figure 4(e-h) and Figure 5(e-h), respectively. The tomosynthesis results can be 
compared with the mass insertion results in 2D digital mammogram in Figure 3.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Examples of simulated DLA mass before insertion, (a) and (c) 3D rendering of the mass, (b) and (d) projection of the 
mass in 2D.  
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Figure 3. Insertion of simulated masses into 2D mammograms, (a) the processed normal digital mammogram before inserting 
the mass, (b) processed mammogram after insertion using the mass in Figure 2(a); (d) the processed normal digital 
mammogram before inserting the mass, (e) processed mammogram after insertion using the mass in Figure 2(b). The mass is 
located at the centre of the yellow box, (c) and (f) magnified view of the inserted masses. 
 
3.2 Validation results 
Table 1 shows the summary of the ranking results from three observers used in this pilot study for both 2D 
mammograms and DBT planes. Here score 5 was used as a threshold to classify the results to more realistic and 
more simulated appearance masses. As seen in the table the DLA masses produce promising results in 2D. However 
in DBT half of the masses were ranked as real. The number of invisible cases was reported less in 2D compared to 
DBT except for observer 3 who is the least experienced in reading 2D mammograms. Masses in DBT have more 
a b c 
d e f 
  
cases reported as not visible due to lack of margin or dense centre. Figure 6 shows the boxplot of scores for each 
observer in each modality for better comparison of inter- and intra- observer variability. The comparison of the 
median of scores (shown in red line) suggests that insertion of these masses in 2D mammograms tends to produce a 
more realistic result than insertion into DBT images. DLA masses in DBT have larger variability of scores for each 
observer, yet all of the observers scored 50% of the cases as looking realistic. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Example of simulation of masses in DBT, (a-d) several reconstructed planes from clinical projections after insertion 
using the mass in Figure 3(a), the mass is located at the centre of the yellow box; (e-h) magnified view of the inserted mass at 
each plane. 
 
 
Table1. Summary of each observer scores for simulated masses inserted in 2D mammograms and DBT. 
Observer Modality # Looks more real # Looks more simulated # Not visible # Total cases 
1 2D mammogram 17 2 0 19 
DBT 10 9 0 19 
2 2D mammogram 17 1 1 19 
DBT 10 4 5 19 
3 2D mammogram 12 0 7 19 
DBT 10 4 5 19 
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Figure 5. Example of simulation of masses in DBT, (a-d) several reconstructed planes from clinical projections after insertion 
using the mass in Figure 3(b), the mass is located at the centre of the yellow box; (e-h) magnified view of the inserted mass at 
each plane. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
     2D  DBT   2D       DBT   2D DBT 
             Observer 1 Observer 2 Observer 3 
Figure 6. Comparison of ranking of the simulated masses in DBT and 2D mammograms for each observer. Red line indicates the 
median of the ranking score (1: looks definitely simulated- 10: looks definitely real; 0: Not visible).  
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4. CONCLUSION AND FUTURE WORK 
Diffusion limited aggregation (DLA), a type of fractal growth, was used to simulate 3D breast masses for insertion into 
clinical tomosynthesis projection images. The DLA mass was successfully inserted into clinical tomosynthesis 
projections using ray tracing. Previously, these simulated masses were validated in 2D digital mammograms. In this 
latest work we present a method for inserting such masses into tomosynthesis projections. A preliminary pilot study was 
performed where radiologists were asked to feedback on the realism of the simulated masses. The results from pilot 
study show that some DLA masses can produce realistic pathology in DBT. Prior to undertaking a full ROC study we 
will further optimise the appearance of our DLA masses, as their appearance whilst entirely satisfactory in 2D, does not 
reliably infer satisfactory appearance in DBT. The results of this pilot study will be used to improve the simulation 
model and to further optimise parameter selection for a forthcoming detailed ROC validation study. 
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